Introduction
The needs of multifunctional components in electronic industry encourage researchers to improve several features such as low resistance interconnects, high electrical conductivity [1, 2, 3, 4] and develop new formulation for coating [5] to enhance performance and reduce cost maintenance. However, electronic devices in real application will be exposed directly on corrosion element such as air, moisture and corrosive environment. Therefore, to retain its reliability is one of the biggest challenges [1] . Recently, it has been found that corrosion was visible on the surface of ENIG FPCs. Corrosion on FPCs surface can affect the electrical conductivity, performance and thus affect the functionality of the end product [5] .
Electrodeposition is a low cost and easy installment process used to produce coatings on various samples with free porosity. It can be applied to polymers, metals, alloys and composites [6] . Ternary Cobalt alloys (Co-Ni-Fe) have been synthesized onto FPCs by using electrodeposition process to produce a protective coating on its gold surface. Previous published literature showed that the addition of Nickel in Co-Fe alloys enhanced the corrosion behavior of metals [7] . The Co-Ni-Fe synthesized by electrodeposition was able to produce nanocrystalline with grain size less than 100 nm [7] . Youssef et. al [8] reported that smaller grain size will improve the protection performance of passive film and thus improve the corrosion resistance. In order to improve the corrosion problem of ENIG FPCs by applying Co-Ni-Fe coating, it is important to study the effect of the electrodeposition process on FPCs. Hence, the investigation on the effect of electrodeposited Co-Ni-Fe towards corrosion behavior, surface morphology and grain size of the protective coating on ENIG FPCs is reported in this paper.
Nomenclature

ENIG
Electroless Nickel Immersion Gold FPC Flexible Printed Circuit Co-Ni-Fe Cobalt-Nickel-Iron CoSO 4 Cobalt Sulfate XRD X-Ray Diffractrometry FESEM Field Emission Scanning Electron Microscope
Experimental
FPC Preparation
Flexible Printed Circuit area was sprayed with pneumatic air gun to remove dust and contamination on its surface. The surface was dried and not expose to water before begin the electrodeposition process. The purpose is to avoid moisture entrapped in the coating during the electrodeposition. The interconnection areas were covered with copper tape to enhance the conductivity of FPC so that top to bottom of ENIG area can be fully deposited. A copper plate was used to support the FPC and to ensure it is static at its position during the deposition process. The static position is essential as the distance between FPC and electrode will affect the current density and finally results in poor coating appearance. The copper plate immersion area has been covered with Gamry PortHoles Electrochemical Sample Mask. This action is to avoid current flow and coating form on the copper plate. The coating shall only form on the FPCs during the electrodeposition process.
Bath Preparation & Electrodeposition Process
The electrolyte composition bath was firstly prepared for the electrodeposition process. The bath is a mixture of Cobalt Sulfate, Nickel Sulfate, Iron Sulfate, Boric Acid, Saccharine and Ascorbic Acid. Table 1 shows the molar concentration of the precursors for bath composition. According to the previous study [9] , the electrodeposited Cobalt and its alloy prepared by 0.075M CoSO 4 of bath concentration had smaller grain size and thus increased its corrosion resistant [9] . Boric Acid and Saccharine were added in the composition as pH buffer and grain refinement agent. All the precursors were mixed in a basic beaker cell with 500 ml distilled water. The temperature was controlled at 50 C ± 0.5 and 6ml nitric acid was added to get pH 1 of the bath. The Co-Ni-Fe protective coatings were deposited by immersing prepared FPC into the bath (cathode) parallel with graphite electrode (anode). The current for this study was 0.6 ± 0.05 A. The deposition time took place for 30s and 60s. After the process completed, the FPC was rinsed with distilled water and dried at room temperature. Crystallographic structures analysis of the Co-Ni-Fe protective coating was carried out by using Ultima IV FD 3668N X-Ray Diffractrometry (XRD) machine with Cu-Ka ( Å) radiation. Surface morphology characterization was observed by Carl Zeiss SMT Field Emission Scanning Electron Microscope (FESEM). Corrosion behavior study was conducted by using GAMRY Potentiodynamic Polarization. Alicona Infinite Microscope was used to measure the thickness of the coating. Table 1 . Bath composition of Co-Ni-Fe electrodeposition.
Results and Discussion
Phase and Crystallographic Structure Characterization. The phase and crystal structure of Co-Ni-Fe coating atterns of Co-Ni-Fe coating in 30s and 60s of deposition time.
Peaks of Au, CoFe, CoNiO and FeNi were observed at both 30s and 60s of deposition time. All the phases exhibited the cubic crystal structure. The CoFe, CoNiO and FeNi phases were formed from the electrodeposited CoNi-Fe coating while the Au from the ENIG FPC. From this observation, the Co-Ni-Fe coating of 30s deposition time may be predicted to adhere on the ENIC FPC surface but not reacted with the base substrate. The crystallite size can be measured by using Debye Scherrers's equation [10] . From the XRD result, the crystallite size for 30s deposition is estimated to be 39.94 nm in average. As for 60s deposition time, it is 50.14 nm in average. There was no other contamination from electrolyte observed. Surface Morphology Study. Structural and morphological characterization was observed by using FESEM. The granular structure of ENIG and Co-Ni-Fe coating in 30s deposition time are shown in Figure 2 . All the microstructures were identified as irregular shape. The existence of voids was identified in ENIG microstructure. These voids might be due to formation of oxide occurred in the spaces between of grains. Co-Ni-Fe coating showed a stacking grain covering the FPC surface. The bottom layer of the grain consisted of small and compact grains.
The grain sizes for Co-Ni-Fe coating in 30s and 60s deposition time are 46 nm and 88 nm, respectively. This measurement was taken from the average grain size of at least 8 grains. The smallest grain size was found in the sample prepared at 30s deposition time. This result showed that the grain size decreases with the increment of deposition time. In the case of 30s deposition time, there might be insufficient time for the grain to growth. This irregular structure was formed because Co-Ni-Fe atoms distributed mostly inside the grains instead of at the grain boundaries [11] . However, the average grain size for both deposition time of Co-Ni-Fe coating is still in nano-size, which the grain size is less than 100 nm [12] . A coating with nanocrystalline grain size has excellent chemical, mechanical and physical properties. These characteristics are resulted from the reduction in its grain size in addition to the existence of a huge numbers of grain boundaries in the grain structures. The thickness of the coating was measured by Infinite Focus Microscope (Alicona). From the measurement, the thickness of Co-Ni-Fe coating at 30s deposition time is about 7.7 μm. Potentiodynamic Polarization Analysis. The electrolyte applied for the testing is 200ml of 0.25M Sodium Sulfate (Na 2 SO 4 ) to accelerate oxidation of the coating [13] . The electrolyte solution has a pH of 5 (acidic) and performed at room temperature. This study is to identify the corrosion behavior between Co-Ni-Fe with protective coating and without coating (ENIG). The corrosion rate of Co-Ni-Fe coatings showed a smaller value than ENIG FPC. The lowest corrosion rate of Co-Ni-Fe coatings is due to the smallest grain size and the compactness of microstructure [8] . This was supported by the FESEM micrograph analysis. The E corr value of Co-Ni-Fe coating at 30s and 60s deposition time showed more cathodic potential than the ENIG FPC. Cathodic potential of E corr exhibited the highest corrosion resistance than the anodic potential. The comparison of corrosion rate of these flexible circuits can be seen in Table 2 . Table 2 . Ecorr and corrosion rate for FPCs.
Referring to Table 2 , the corrosion rate for FPC with Co-Ni-Fe coating of 30s deposition time showed the lowest corrosion rate per year with 160e -3 . Both the FPC with Co-Ni-Fe coating of 30s and 60s deposition time showed better corrosion rate as compared to ENIG FPC.
Conclusion
Co-Ni-Fe protective coatings were successfully produced by electrodeposition method on ENIG FPCs. Surface and morphology studies revealed that the granular structure of Co-Ni-Fe coatings has irregular shapes. The grain sizes for both Co-Ni-Fe coatings at 30s and 60s deposition time are 46 nm and 88 nm, respectively. FESEM result showed that the grain size decreased as the deposition time increased. The corrosion rate values decreased with the increment of deposition times. The lowest corrosion rate showed in the coated ENIG FPC prepared at 30s deposition time. In fact, the Co-Ni-Fe coating shows improvement in corrosion behavior as compared to ENIG FPCs without Co-Ni-Fe coating. 
